Introduction

24
Acute neural injuries (e.g., stroke, traumatic brain injury, and spinal cord injury) cause profound axon 25 damage. Axon damage triggers an intra-cellular signaling cascade to effect neuronal injury responses, 26 including axon regeneration, retrograde synapse loss, and hyper-excitability. These downstream 27 responses are critical for recovery following injury. Yet, the intrinsic neuronal signaling mechanisms 28 mediating retrograde synapse loss and hyper-excitability, in particular, remain poorly understood.
29
Axon injury induces differential gene expression and transcription within the soma, requiring long 30 range signaling from the site of injury to the nucleus (Rishal and Fainzilber 2014; Nagendran et al. 31 2017). Breach of the axonal membrane following axon injury causes an influx of ions, including 32 calcium and sodium, into the intra-axonal space. The increase in sodium ions through voltage-gated 33 sodium channels causes reversal of sodium-calcium exchangers (NCXs) located on the plasma 34 membrane, mitochondria and ER, thus enhancing local intra-axonal calcium levels (Persson et al. 35 2013). Calcium release from smooth ER within the axon may also potentiate axon-to-soma signaling 36 Axon signaling for retrograde synapse changes 2 (Cho et al. 2013; Sun et al. 2014) . Axon damage of mouse peripheral sensory neurons was reduced hyper-excitability use the same retrograde signaling mechanisms is unclear.
57
Results
58
Sodium influx and reversal of sodium calcium exchangers induce retrograde spine loss 59 To selectively injure axons of hippocampal neurons > 900 µm from somata, we used 60 compartmentalized microfluidic devices (Fig. 1a) . Primarily axons of pyramidal neurons are guided 61 via microgrooves into a separated axon compartment where they are injured and various 62 pharmacological treatments can be restricted to isolated axons. We previously found that blocking 63 local activity at the site of injury using this method prevented dendritic spine loss 24 h post-axotomy 64 (Nagendran et al. 2017) , suggesting calcium and sodium influx at the site of injury are key mediators 65 of this neuronal injury response. Reversal of NCX at the site of injury may play a key role, causing 66 this massive local influx of calcium. To determine whether local NCX activation is required to 67 trigger retrograde synapse loss, we performed axotomy within microfluidic devices but in the 68 presence of the reversible NCX blocker applied specifically to the axonal compartment where 69 axotomy was performed (Fig. 1b) . We quantified spine density using repeated live imaging and 70 found that in the presence of the NCX blocker, KB-R7943, spine loss was completely prevented (Fig.   71 1b,c). Controls treated with vehicle had significantly fewer spines following axotomy (Fig. 1b,c) .
72
Sodium influx at the site of injury may trigger reversal of NCX needed for dendritic spine loss. Thus,
73
we blocked sodium channels using tetrodotoxin (TTX) at the site of injury and quantified dendritic 74 spine density changes. As expected, blocking sodium channels prevented a significant reduction in 75 dendritic spine density (Fig. 1d) . Further, application of a potent activator of voltage gated sodium 76 channels, veratridine, at distal axons and in the absence of injury led to a significant decrease in 77 retrograde spine density 24 h post treatment. Together, these results show that sodium influx and 78 reversal of NCXs at the site of injury trigger retrograde spine loss. repeated these experiments and also tested whether blocking NCX reversal at the site of injury 88 prevents the increase in hyper-excitability (Fig. 2a,b) . Surprisingly, we found that blocking NCX 89 reversal at the site of injury did not prevent the increase in release rate due to axotomy. In fact, the 90 KBR-treated cultures were indistinguishable from the vehicle controls. We performed a similar 91 experiment using TTX (Fig. 2c) . Again, this did not prevent axotomy-induced hyper-excitability. In 92 fact, the increase in release rate was exacerbated with the TTX treatment. We next tested whether 93 veratridine in the absence of injury would cause hyper-excitability (Fig. 2d) . Consistent with our 94 preceding data, the FM release curves were indistinguishable from vehicle controls. These results
95
suggest that retrograde hyper-excitability involves a unique triggering mechanism independent from 96 retrograde spine loss signaling following axotomy. (Fig. 3a,b) .
103
Intracellular calcium stores may also play a critical role in axon-to-soma injury signaling, thus we 104 next applied the low calcium/TTX solution together with blockers of ER calcium release from 105 ryanodine (Dantrolene) and IP3 receptors (Xestospongin C). Blocking calcium release from ER 106 normalized the synaptic vesicle release rate to uninjured control levels (Fig. 3c,d) . 107 We previously found that the increase in FM release rate following injury coincided with loss of 108 inhibitory terminals onto injured neurons. Loss of inhibition is a cause of hyper-excitability. As 109 confirmation that low calcium/TTX did not substantially influence axotomy-induced disinhibition,
110
we quantified the number of vGAT immunolabeled puncta colocalized with the dendritic arbor of 111 labeled axotomized neurons in the presence of low Calcium/TTX solution (Fig. 4a) (Fig. 4b) . These data show that ER provides a critical source of calcium needed 115 to propagate the transsynaptic change of altering synaptic vesicle release and inhibitory terminal loss.
116
ER-dependent changes following axotomy
117
Our data suggests that ER plays a critical role in trans-synaptic injury signaling following axotomy.
118
To investigate further how somatodendritic ER changes following axotomy, we measured the 119 changes in the ER stress marker, Bip, using immunolabeling (Fig. 5a,b ). Significant Bip 120 accumulation occurred within the soma at 12 and 24 h post-axotomy. We also found significant 121 upregulation of the ER calcium pump, SERCA2, within the somatodendritic compartment following 122 axotomy (Fig. 5a,c) . 
Methods and Materials
124
Microfluidic chambers:
125 Poly (dimethylsiloxane) (PDMS) was molded onto a SU-8 master with 900 μm long, 3-4 μm tall and 126 7.5-8 μm wide microgrooves as previously described (Taylor et al. 2003; Taylor et al. 2005) .
127
Chambers were sterilized in 70% ethanol and placed onto 500-550 kDa Poly-D-Lysine (BD 128 Biosciences) coated sterile German glass coverslips. 5-95; Invitrogen) using KCl mediated depolarization as described previously (Taylor et al. 2013 ).
160
Microfluidic chambers were stimulated using extracellular electrodes by placing a positive and pulses. The FM 5-95 imaging was performed using a spinning disk confocal imaging system as Wei , H. and D. C. Perry (1996) . "Dantrolene is cytoprotective in two models of neuronal cell death." 
